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Abstract

:

To mitigate tropospheric ozone (O3) pollution with proper and effective emission regulations, diagnostics for the O3-sensitive regime are critical. In this study, we analyzed the satellite-measured formaldehyde (HCHO) and nitrogen dioxide (NO2) column densities and derived the HCHO to NO2 ratio (FNR) from 2005 to 2019. Over China, there was a clear increase in the NO2 column during the first 5-year period and a subsequent decrease after 2010. Over the Republic of Korea and Japan, there was a continuous decline in the NO2 column over 15 years. Over the entire East Asia, a substantial increase in the HCHO column was identified during 2015–2019. Therefore, FNR increased over almost all of East Asia, especially during 2015–2019. This increasing trend in FNR indicated the gradual shift from a volatile organic compound (VOC)-sensitive to a nitrogen oxide (NOx)-sensitive regime. The long-term changes in HCHO and NO2 columns generally corresponded to anthropogenic non-methane VOC (NMVOC) and NOx emissions trends; however, anthropogenic sources did not explain the increasing HCHO column during 2015–2019. Because of the reduction in anthropogenic sources, the relative importance of biogenic NMVOC sources has been increasing and could have a larger impact on changing the O3-sensitive regime over East Asia.
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1. Introduction


Tropospheric ozone (O3) is a major component of urban smog, poses major risks to human health and the natural environment, and also acts as an important greenhouse gas [1]. O3 is a secondary air pollutant produced through chain reactions involving photochemical oxidation of nitrogen oxides (NOx) and volatile organic compounds (VOCs) [2]. Photochemically produced O3 linked to anthropogenic emissions and poor air quality is a global problem, especially in the northern hemisphere [3]. The situation in Asia is particularly concerning because of the continuous increase in anthropogenic emissions with the rapid expansion of the economy and population, in contrast to the decrease in Europe and the U.S.A. during 1990–2000 [4]. In Asia, China is responsible for the largest portion of anthropogenic emissions. Based on the bottom-up estimation, NOx emissions, which are directly related to NOx concentration as the precursor to O3, from China showed a dramatic increase during the 2000s, a peak in 2011–2012, and a subsequent decrease [5,6]. In contrast, VOC emissions from China increased slightly, did not decrease up to around 2015 [5,6], and then decreased slightly after 2015 [6,7]. Because of these large amounts of anthropogenic emissions in China and due to the relatively long lifetime of O3, the long-range transport of O3 from China to the downwind region of the Republic of Korea and Japan has been observed [8,9,10,11,12,13]. In Japan, O3 concentrations showed flat or slightly increasing trends despite the continuous decline of precursor emissions in Japan [14], possibly because of the long-range O3 transport from outside Japan. To mitigate local O3 pollution in Japan and to improve O3 pollution over East Asia, an appropriate strategy should be implemented to improve air quality in this region.



Simple emission reduction strategies for NOx and VOC precursors are not suitable for controlling O3, which is a secondary pollutant formed in the troposphere. Because O3 production depends on the local relative abundances of NOx and VOC, the diagnosis of an O3-sensitive regime is an important index [2]. O3 formation can be mitigated by reducing NOx emissions (i.e., a NOx-sensitive regime) or by reducing VOC emissions (i.e., a VOC-sensitive or NOx-saturated regime). To identify the NOx- and VOC-sensitive regimes, various indicators, such as total reactive nitrogen, formaldehyde (HCHO), hydrogen peroxide (H2O2), and nitric acid (HNO3) from observations, have been proposed [15,16]. The general feature of O3-sensitive regimes is a VOC-sensitive regime over urban areas and a NOx-sensitive regime over remote areas; however, sensitivity regimes also depend on various factors, such as temporal variations (diurnal and seasonal variation) and related atmospheric meteorological fields [2]. In addition to using indicators from observations, O3-sensitive regimes have also been estimated by numerical modeling, especially based on calculating the sensitivities of O3 concentration to NOx and VOC emissions [17,18,19,20,21,22]. Furthermore, sensitivity regimes have been detected by using space-borne satellite observations, and it was proposed that the ratio of HCHO column density to nitrogen dioxide (NO2) column density (HCHO to NO2 ratio; FNR) could be used [23,24]. The identification of the O3-sensitive regime is based on the following threshold values: FNR < 1.0 for the VOC-sensitive regime, FNR > 2.0 for the NOx-sensitive regime, and 1.0 < FNR < 2.0 for the transitional regime [24].



Because of the concern about O3 pollution in East Asia, satellite-derived FNR has been investigated in previous studies [25,26,27]. During 2005–2013, the rapid growth in NO2 column density with an insignificant trend in HCHO column density resulted in the transition from NOx-sensitive to VOC-sensitive regimes over most parts of China [26]. The trend obtained by FNR analyses showed complex behavior; for instance, Beijing had a flat trend in a VOC-sensitive regime, and Seoul and Tokyo showed an increasing trend in FNR, suggesting a weak shift toward a NOx-sensitive regime [27]. These previous studies have covered the period from 2005 to 2015 [25,26,27]. The O3-sensitive regime over China was recently updated from 2016 to 2019 based on satellite and ground-based observations with numerical modeling, and the results revealed that some cities shifted from a VOC-sensitive regime to a transitional regime due to the rapid drop in anthropogenic NOx emissions during this period [28]. These analyses using HCHO column density appear to contain more noise than those using NO2 column density, and this limitation needs to be overcome for further analysis of HCHO column density and FNR. From the viewpoint of emissions, most megacities in East Asia were under a VOC-sensitive regime, and measures to decrease NOx emissions contributed to an increase in O3 due to the weakening NO titration effect during 2005–2018 [29]. In Japan, the sensitivity simulation of emission regulations in numerical modeling suggested that regional countermeasures have been more important than nationwide regulation in Japan since 2006 [30]. To improve O3 pollution in East Asia, it is necessary to consider how to reduce precursor emissions effectively. To achieve this, past scenarios under an O3-sensitive regime and their relationships with precursor emissions should be analyzed and understood. Previous studies have only analyzed portions of the relevant period and do not cover the full available period over the long term. Thus, in this study, we analyzed the 15-year (2005–2019) long-term trends in FNR from satellite measurements and the latest available emission dataset over East Asia. The atmospheric environment was dramatically affected by the COVID-19 pandemic in 2020 because of large emission reductions, especially in NOx [31,32,33], and their effects on O3 have been identified [34]. However, these effects were time-limited by the economic recovery from the latter part of 2020 onward [7,35]. In this study, to focus on the long-term trends of FNR and precursor emissions based on the annual mean, 2020 was excluded. This study will contribute to understanding the long-term change in the O3-sensitive regime over East Asia measured by satellite observations and its relationship to precursor emissions before the COVID-19 pandemic.




2. Dataset


2.1. Satellite Observation


This study clarifies the long-term trends and changes in the O3-sensitive regime using satellite observations. The longest available space-based observation is appropriate, and hence, we used Ozone Monitoring Instrument (OMI) measurement data aboard the Aura spacecraft. The OMI instrument has a spatial resolution of 13 × 24 km on the nadir view, and each day has 14–15 orbits with an equatorial crossing time of 13:45 local time. The OMI data have been provided since October 2004, and we analyzed the 15-year trends from 2005 to 2019. The tropospheric NO2 column is used as a proxy for NOx emissions [36,37,38]. The level 3 daily global NO2 product released by NASA (OMNO2d) version 3.0 gridded onto a 0.25° × 0.25° grid was used [39]. The tropospheric column with cloud fractions of less than 30% was analyzed. HCHO is an intermediate in the oxidation of various VOCs, and the satellite-derived HCHO column is widely used to constrain anthropogenic and biogenic VOC emissions [40,41,42]. The level 3 daily global HCHO product released by NASA (OMHCHOd) gridded onto a 0.1° × 0.1° grid was used [43].



These publicly available datasets of NO2 and HCHO satellite measurements were analyzed by the following procedures. First, high HCHO vertical column densities greater than 1.0 × 1017 molecules cm−2 were discarded based on the data selection for HCHO analysis in a previous study [41]. Even after applying this criterion, the HCHO column density still showed noise in some cases. Second, the smoothing method, which was originally proposed for analyzing the SO2 column, was used to analyze the HCHO vertical column density in this study [44]. This smoothing method was confirmed to be effective for analyzing the SO2 column over East Asia in our previous study [45]. The HCHO column assigned at each grid was averaged over the eight surrounding grids in the smoothing method. Third, to derive the FNR, the grid resolutions of NO2 and HCHO must be unified, and thus the finer-scale resolution of HCHO was converted and averaged to the same grid resolution as NO2. Via this process, FNR was calculated by the HCHO column density divided by the NO2 column density at each 0.25° grid point. In this calculation, when the NO2 column density was lower than the HCHO column density, an excessively high FNR value could be obtained. To prevent this, FNR was calculated at only the grid points where the NO2 column density was higher than 1.0 × 1015 molecules cm−2, covering most of the East Asian region (Figure 1). This procedure was conducted for each day and then averaged over all seasons for the annual FNR for the cold seasons (October to March, analyzed within the same year and not continuously) and for the warm seasons (April to September). An O3-sensitive regime was identified by using FNR based on the following conventional threshold values [24,29,30]: FNR < 1.0, VOC-sensitive regime; FNR > 2.0, NOx-sensitive regime; 1.0 < FNR < 2.0, transitional regime.




2.2. Emission Inventory


Because HCHO and NO2 column densities are closely related to precursor emissions, emission status is fundamental information. This study compiled the latest available emission inventories. The anthropogenic non-methane volatile organic compounds (NMVOCs) and NOx emissions from China, the Republic of Korea, and Japan during 2005–2015 were analyzed based on the Regional Emission inventory in Asia (REAS) version 3.2.1 [5]. Because this version of REAS covered up to 2015, the Chinese emission status was also analyzed by using the Multi-resolution Emission Inventory for China (MEIC) database [6,7]. The inventories reported by Zheng et al. in 2018 [6] and 2021 [7] covered the years from 2010 to 2017 and the years 2019 and 2020, respectively. Therefore, 2018 was analyzed in this study as the average of 2017 and 2019. Based on these datasets, the 15-year anthropogenic emissions gridded onto 0.25° × 0.25° grids from 2005 to 2019 were obtained. For HCHO, biogenic emissions are also an important source. We used the CAMS-GLOB-BIO version 3.1 dataset [46], which was calculated based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN) [47] driven by the meteorological reanalyses of the European Centre for Medium-Range Weather Forecasts (ECMWF), and was gridded onto a 0.25° × 0.25° grid for the period of 2000–2019. These anthropogenic and biogenic emission inventories were analyzed to calculate the total emission amount for China, the Republic of Korea, and Japan and their trends over East Asia during 2005–2019, which corresponded to satellite measurements.





3. Results


3.1. Overview of FNR over East Asia


The 15-year (2005–2019) averaged HCHO and NO2 column densities and the FNR are shown in Figure 1. HCHO column density averaged over all seasons (Figure 1a) showed a high concentration (>10.0 × 1015 molecules cm−2; dark red) over eastern China and Southeast Asia. The spatial distribution pattern of HCHO exhibited clear seasonal variation with a low during the cold seasons (Figure 1d) and a high during the warm seasons (Figure 1g). In the warm seasons, there were also high HCHO column densities (>10.0 × 1015 molecules cm−2; dark red) around Seoul and Pusan over the Republic of Korea, and around Osaka and Tokyo over Japan. The NO2 column density averaged over all seasons showed high concentrations (>10.0 × 1015 molecules cm−2; dark red) over eastern China, Seoul, and Tokyo (Figure 1b). The seasonal variation was also clear but showed the opposite behavior to the HCHO column density; the NO2 column density was high during cold seasons (Figure 1e) and low during warm seasons (Figure 1h). Consequently, the FNR also showed different features in cold and warm seasons. The FNR indicated that limited regions in eastern China were under a VOC-sensitive regime, and other regions in most of East Asia were under a transitional or NOx-sensitive regime when averaged over all seasons (Figure 1c). Over Seoul and Tokyo, which are centers of economic activity, O3-sensitive regimes were classified as transitional regimes when the FNR values were averaged over all seasons. The seasonal change in the O3-sensitive regime was dynamic, as determined from the HCHO and NO2 column densities. On the one hand, the VOC-sensitive regimes extended over eastern China and were also found over Seoul and Tokyo during the cold seasons (Figure 1f); on the other hand, VOC-sensitive regimes were not found and most East Asian regions were under a transitional or NOx-sensitive regime during the warm seasons (Figure 1i). The general features of O3-sensitive regimes indicated by the FNR values calculated from OMI satellite measurements, such as VOC-sensitive in the urban area and NOx-sensitive over remote areas, were consistent with previous studies for the limited period during 2005–2019 [20,25,26,27]. Moreover, our analysis method with the smoothing method to reduce the noise in the HCHO column densities was suitable for analyzing the behavior of the O3-sensitive regime over East Asia.




3.2. Trends in FNR over East Asia


To clarify the long-term trends in the O3-sensitive regime over East Asia, the years 2005, 2010, 2015, and 2019 were analyzed by averaging over all seasons for each year (Figure 2). The HCHO column density increased during this period. No HCHO column densities greater than 10.0 × 1015 molecules cm−2 (dark red in Figure 2a) were found in 2005 (Figure 2a), whereas they were found over eastern China in 2019 (Figure 2j). High NO2 column densities greater than 10.0 × 1015 molecules cm−2 (dark red in Figure 2b) were observed in 2010 (Figure 2e) and they decreased slightly in 2019 (Figure 2k). The FNR values were generally similar in 2005 (Figure 2c) and 2010 (Figure 2f), and subsequently increased (i.e., from VOC-sensitive toward NOx-sensitive regimes) in 2015 (Figure 2i) and 2019 (Figure 2l), corresponding to the substantial variations in increasing HCHO column density and decreasing NO2 column density. To clarify these features, trends were calculated based on the linear regression analyses conducted for 5-year intervals of 2005–2009, 2010–2014, and 2015–2019. The value of slope in the linear regression analyses was regarded as the trend throughout the analyses.



Trends were calculated by linear regression analyses for three 5-year periods of 2005–2009, 2010–2014, and 2015–2019 (Figure 3). During the first 5-year period (2005–2009), HCHO and NO2 column density both generally showed increasing trends (Figure 3a,b). The exceptions were decreasing trends in NO2 column density over the Pearl River Delta in China, Taiwan, Seoul, and the whole of Japan. The increasing trend in HCHO column density with higher rates in northern China and lower rates in southern China was consistent with previous findings [48], and the large increase in NO2 column density over the whole of China was also consistent with previous studies [36,37,49,50]. The FNR over China had complex features during the first 5-year period (2005–2009) because of the rates of change of the HCHO and NO2 column densities used to calculate FNR (Figure 3c). Due to the decreasing trends in NO2 column density (the denominator in the FNR) over the Republic of Korea and Japan, the FNR showed increasing trends (Figure 3c). The slight increasing trends (purple in Figure 3c) over the East China Sea to the Republic of Korea and Japan indicated that these regions gradually shifted into a NOx-sensitive regime during 2005–2009. Southern China and northeastern China showed decreasing trends in FNR, suggesting a shift into a VOC-sensitive regime during 2005–2009. During the second 5-year period (2010–2014), HCHO column density showed complex behavior, with slight increasing trends, except for the coastline over southern China and some parts of Japan (Figure 3d). The trends in NO2 column density in China and over all of East Asia turned negative (Figure 3e), which has been also highlighted in previous studies [36,37,51]. The increasing trend in HCHO column density (the numerator in the FNR) and decreasing trend in NO2 column density (the denominator in the FNR) both led to increases in FNR (Figure 3f). Except for southern China and some parts of Japan, the increasing trend in FNR (purple in Figure 3f) suggested the shift into a NOx-sensitive regime during the second 5-year period (2010–2014). During the third 5-year period (2015–2019), HCHO column density showed continuous increasing trends with a higher rate than in the second 5-year period (2010–2014), except over northeastern China (Figure 3g), and NO2 column density also showed continuous decreasing trends (Figure 3h). Consequently, FNR during this period showed greater increases, with the exception of northeastern China (Figure 3i). The linear regression analysis indicated an increasing trend in FNR over the 15-year period, especially during 2015–2019 over most of East Asia, notably over the mid-latitude region of 30–40°N, which includes the capitals Beijing, Seoul, and Tokyo. This result suggested that the O3-sensitive regime over East Asia gradually shifted from VOC-sensitive to NOx-sensitive during the 15 years. The linear regression analyses of FNR averaged over the warm and cold seasons are shown in Figure A1 and Figure A2 in Appendix A. The results revealed that the gradual shift from the VOC-sensitive to NOx-sensitive regime was found during both the cold and warm seasons; however, the trend was much clearer during the warm seasons.




3.3. Grid Point Analyses of Megacities in East Asia


The FNR showed a gradual shift from VOC-sensitive to NOx-sensitive regimes, especially during 2015–2019, due to the increase in HCHO and decrease in NO2. Grid point analyses of six megacities in the region of 30–40 °N (Beijing and Shanghai in China; Seoul in the Republic of Korea; and Osaka, Nagoya, and Tokyo in Japan; see the top of Figure 4 for their locations) were performed and are shown as 15-year time series during 2005–2019 in Figure 4. To obtain sufficient numbers of observations, four grid points close to each city’s central point were averaged. Overall, HCHO column density exhibited almost flat or slightly increasing trends over the six megacities in cold and warm seasons, whereas NO2 column density showed a continuous decline; thus, FNR increased gradually. The FNR values were all below 1.0 and indicated VOC-sensitive regimes during both the cold and warm seasons over all six megacities in the first part of the 15-year period, although the FNR values increased gradually. In particular, there were increasing trends in FNR after 2015 averaged over warm seasons. The increasing trends in FNR shown by the grid point analyses were consistent with the spatial distribution of FNR (Figure 3i).



The statistical summaries of the mean and trend of FNR during the 5-year periods of 2005–2009, 2010–2014, and 2015–2019 are shown in Table 1. The FNR values increased continuously during the 15-year period, and the rate of increase was higher during 2015–2019 compared with other 5-year periods.



The gradual shift from the VOC-sensitive to NOx-sensitive regime was indicated by the FNR value, and this was clarified further by determining the frequency of occurrence of the O3-sensitive regime during the 15-year period (Figure 5). The O3-sensitive regime was identified by the conventional threshold values (see Section 2.1) and the frequency was analyzed over the cold and warm seasons for each year. Over the cold seasons, the VOC-sensitive regime was dominant and the NOx-sensitive regime did not appear during the first part of the period, whereas the transitional or NOx-sensitive regime was found at frequencies of 10–20% during the latter part of the period. The trends were clarified during warm seasons rather than cold seasons. During warm seasons, all six megacities were mostly dominated by the VOC-sensitive regime with frequencies of 70–80%, and the NOx-sensitive regime only occurred at a frequency of around 10% during the first part of the period. The frequency of the VOC-sensitive regime gradually declined over the period, and the NOx-sensitive regime occurred at a frequency of 10–20% during the latter part of the period. The frequency of occurrence of the transitional regime also gradually increased, and as a result, the VOC-sensitive regime occurred with a frequency of 50–60% during the latter part of the period. This analysis of the frequency of the O3-sensitive regime also indicated the gradual shift from the VOC-sensitive to NOx-sensitive regime over megacities in East Asia.





4. Discussion


4.1. Trends in Anthropogenic Emissions over East Asia


To consider the reasons for the long-term trends in HCHO and NO2 column densities, and hence in the O3-sensitive regime over East Asia suggested by the FNR analysis, the trends in anthropogenic NMVOC and NOx emissions were investigated. The annual amount of anthropogenic NMVOC and NOx emissions from China, the Republic of Korea, and Japan during 2005–2019 are shown in Figure 6. This analysis was based on REAS, and the anthropogenic emissions from China during 2015–2019 from MEIC were added. The spatial distributions of the annual averaged anthropogenic NOx and NMVOC emissions during 2005–2014 based on REAS are presented in Figure A3 in Appendix A. Anthropogenic NMVOC emissions over China showed a continuous increase up to 2015 followed by a plateau, over the Republic of Korea they showed a slight increase, and over Japan, they showed a continuous decline to 2010 followed by a plateau (Figure 6a). The increase in anthropogenic NMVOC emissions was related to the increasing trends in HCHO column density up to 2015 (Figure 3a,d); however, anthropogenic NMVOC emissions during 2015–2019 over China appeared inconsistent with the overall increasing trend in HCHO column density (Figure 3g). Anthropogenic NOx emissions reached a peak in 2011 and subsequently decreased over China, and continuous decreasing trends were seen over the Republic of Korea and Japan (Figure 6b). These trends in anthropogenic NOx emissions corresponded well to the long-term variations in NO2 column density (Figure 3b,e,h). This result indicated that other NOx emissions sources such as lightning emissions and soil emissions could be lower and that anthropogenic emissions were the dominant factor during this period. The analysis of the anthropogenic NMVOC/NOx emission ratio also showed an important change in the anthropogenic emissions themselves (Figure 6c). The trend in the anthropogenic NMVOC/NOx emission ratio over China was flat during 2005–2009, increased during 2010–2015, and then leveled off at a higher value than in 2005–2009. The ratio over the Republic of Korea increased continuously, whereas that over Japan decreased slightly. This emission ratio was also related to the O3-sensitive regime behavior, and the increase in the ratio over China and the Republic of Korea also contributed to the gradual shift from the VOC-sensitive regime to the NOx-sensitive regime.



The total amounts of anthropogenic emissions on the whole-country scale were analyzed (Figure 6); however, geographical characteristics are also important factors in regional differences. Therefore, the linear regression analyses for anthropogenic NMVOC and NOx emissions using the same method as in Figure 3 were conducted for the three 5-year periods of 2005–2009, 2010–2014, and 2015–2019 (Figure 7). During the first 5-year period (2005–2009), anthropogenic NMVOC and NOx emissions both showed a generally increasing trend over China and a decreasing trend over the Republic of Korea and Japan (Figure 7a,b). During the second 5-year period (2010–2014), anthropogenic NMVOC emissions still showed an increasing trend over most of China and a continuously decreasing trend over the Republic of Korea and Japan (Figure 7c). In this period, overall anthropogenic NOx emissions over China started to decrease (Figure 6b), although they decreased over eastern China and increased over western China (Figure 7d). These regional features in China have been linked to the different emission regulation strategies [52]. Anthropogenic NOx emissions from the Republic of Korea and Japan showed a continuously decreasing trend (Figure 7d). Over the third 5-year period (2015–2019), anthropogenic NMVOC emissions over China showed increasing trends over the southern region and decreasing trends over the northern region (Figure 7e), and thus the total amount of emissions was almost unchanged (Figure 6a). Anthropogenic NOx emissions over China mainly decreased during this period (Figure 7f).



These anthropogenic NMVOC and NOx emissions trends (Figure 7) generally corresponded to the HCHO and NO2 column densities (Figure 3). NMVOC emissions increased with the HCHO column density during the first and second 5-year periods between 2005 and 2015, and the increase in HCHO column density during 2005–2016 has been reported in a previous study [53]. However, there was a clear discrepancy between the anthropogenic NMVOC emissions (Figure 7e) and HCHO column density (Figure 3g) during the third 5-year period of 2015–2019. The increasing anthropogenic NMVOC emissions over southern China (Figure 7e) could explain the increase in HCHO column density over this area (Figure 3g); however, the decreasing anthropogenic NMVOC emissions over northern China (Figure 7e) were not consistent with the increase in HCHO column density (Figure 3g). This analysis of anthropogenic emissions and the comparisons of the anthropogenic emission trends and column densities showed that anthropogenic emissions could generally explain the behavior of HCHO and NO2 column densities and hence that of the FNR values. However, anthropogenic NMVOC emissions did not solely explain the increasing HCHO column density during 2015–2019. Because the HCHO column density also depends on biogenic emission sources, we discuss this point next.




4.2. Trends of Biogenic Emissions over East Asia


The total amounts of biogenic emissions on the whole-country scale were analyzed based on the CAMS-GLOB-BIO dataset (Figure 8a). The spatial distribution of annual averaged biogenic NMVOC emission amounts during 2005–2014 is presented in Figure A3 in Appendix A. Generally, biogenic NMVOC emission showed nearly flat trends during the 15-year period over China, the Republic of Korea, and Japan. However, because of the variation of anthropogenic NMVOC emissions, the relative importance of biogenic emissions showed a major change during the 15-year period analyzed here. This change was observed in the analysis of the ratio of biogenic to anthropogenic NMVOC emissions (Figure 8b). In China, anthropogenic NMVOC emissions showed increasing trends up to 2015, and then leveled off; hence, the ratio of biogenic to anthropogenic NMVOC emissions was greater than 1.0 in 2005–2007 and around 0.7 during 2010–2019. Over the Republic of Korea, because the trend in anthropogenic NMVOC emissions was flat, the ratio remained around 0.5, indicating the dominance of anthropogenic NMVOC emissions. In Japan, anthropogenic NMVOC emissions showed gradual decreasing trends, and thus the relative importance of biogenic NMVOC emissions has been gradually increasing. In addition to the relative importance of biogenic emissions sources, the geographical patterns of biogenic emissions trends were also analyzed. Linear regression analyses performed using the same method as in Figure 3 and Figure 7 were conducted for biogenic NMVOC emissions during the three 5-year periods of 2005–2009, 2010–2014, and 2015–2019 (Figure 9). In addition, the spatial distribution of the ratio of biogenic to anthropogenic NMVOC emissions was analyzed.



The total amount of biogenic NMVOC emissions generally remained flat during the 15-year period over all three countries; however, their geographical trends showed regional characteristics. The regional differences were small during the first 5-year period of 2005–2010, whereas there were increases over eastern and southern China and decreases over northern China during the second and third periods during 2010–2019. Based on the comparison of anthropogenic NMVOC emissions and HCHO column density, we concluded that the decrease in anthropogenic NMVOC emissions over eastern China (Figure 7e) did not indicate an increase in HCHO column density (Figure 3g). The additional analysis of biogenic NMVOC emissions suggested that the increases in HCHO column density could be affected by increases in biogenic NMVOC emissions over eastern China (Figure 9e). Recent studies in China have also highlighted the effects of biogenic emissions [54,55,56]. Biogenic emissions due to variable vegetation biomass were estimated to increase summertime O3 and secondary organic aerosol over the Chengdu-Chongqing region in 2018 [54]. A modeling study of the North China Plain during 2014–2019 investigated severe O3 air pollution exacerbated by high temperatures, which are favorable conditions for O3 formation and are also related to increases in biogenic emissions [55]. In particular, the increased O3 concentration with biogenic emission sources driven by heat waves in June 2017 was reported as a concerning issue [56]. During the third 5-year period of 2015–2019, HCHO column density increased over the entirety of East Asia, except for small areas over northeastern China (Figure 3g). Considering the biogenic NMVOC emission variation, the growing relative importance of biogenic emissions over Japan (Figure 9e) could also explain the increasing HCHO column density. Because of the decline of anthropogenic NMVOC sources, the role of biogenic emissions could be problematic, and this has already been observed in the U.S. [41]. The analysis here suggests that biogenic emissions over East Asia may be similarly important in the future in light of projected reductions in NMVOC due to regulations [57,58].




4.3. Implications for Future Studies Using the Satellite-Derived O3-Sensitive Regime


In this study, we conducted a long-term analysis of satellite-derived HCHO and NO2 column densities and the FNR values during 2005–2019. In future studies, the following points should be considered. Studies using satellite observations are usually based on the column density integrated over the troposphere. Therefore, the quality of satellite measurement datasets themselves should be quantified [59,60,61], and the relationship between the surface and column density behavior should be clarified further. For example, in Tokyo, the O3-sensitive regime in the summer during 2005–2008 over the whole of Tokyo was estimated to be in the transitional regime between the VOC- and NOx-sensitive regimes [62]. Over Chiba, which is east of Tokyo, the FNR averaged over 0–1 km was almost constant during 2013–2019, as retrieved by the multi-axis differential optical absorption spectroscopy (MAX-DOAS) [63]. Our study showed a dominant VOC-sensitive regime during the first part of the 15-year period and increases in the FNR value, especially during the latter part of the 15-year period in Tokyo (Figure 4 and Figure 5). The characteristics of the near-surface and entire troposphere measurements could cause this difference. To investigate this relationship, numerical modeling covering any kind of targeted vertical direction can be a useful approach [64]. Numerical modeling can also help to refine the criteria for detecting the O3-sensitive regime. In this study, the O3-sensitive regime was identified based on the conventional threshold value; however, previous studies have proposed different threshold values [28,65,66]. Sensitivity analyses in which NOx and NMVOC emissions varied in the numerical modeling system are also an essential approach to accurate identification of the O3-sensitive regime and hence to appropriate emission regulation pathways.



In this study, steadily declining trends in anthropogenic NOx emissions, and thus in NO2 column density, were revealed as a cause of the increasing trend in FNR, which suggested a gradual shift to the NOx-sensitive regime in East Asia. However, the VOC-sensitive regime was still found over megacities in East Asia, and hence the decrease in NOx emissions may cause an increase in O3 through the weakening of the NOx titration effect. Recently, the aggravating effect of NOx emission control has been reported in China [67,68,69]. It is proposed that NOx control should be recommended only when the NMVOC/NOx ratio is higher and then this control can be applied to realize a denitrified society [70]. Moreover, the period of the COVID-19 pandemic, which unexpectedly caused a substantial change in human activity, has highlighted the need for anthropogenic emissions to be fully understood to construct realistic emission regulation pathways for mitigating O3 pollution.





5. Conclusions


We analyzed long-term trends in satellite-derived HCHO and NO2 column densities and calculated the FNR to investigate the O3-sensitive regime over East Asia over 15 years (2005–2019). The HCHO column density showed slightly increasing trends with a notable increase during 2015–2019 over East Asia, and the NO2 column density showed an increase and subsequent decrease from 2010 over China and a continuous decrease over the Republic of Korea and Japan. Thus, the results indicated a gradual shift from the VOC-sensitive to NOx-sensitive regimes over most regions of East Asia, especially during 2015–2019. The relationships between satellite-measured column densities and the available emission dataset during this period were investigated. The anthropogenic NMVOC and NOx emissions sources corresponded overall to the trends in the satellite-measured column densities. However, there was a discrepancy in the relationship between HCHO column density, which increased, and anthropogenic NMVOC emissions, which showed a general decrease, during 2015–2019. Thus, biogenic NMVOC emissions, which showed generally increasing trends, were considered a factor in the increasing trends in HCHO column density. Because of the decrease in anthropogenic emissions over East Asia, the relative importance of biogenic NMVOC emissions will increase in the future and play a key role in O3 pollution. These features obtained through satellite data analyses are needed to relate the near-surface information for mitigating O3 pollution over East Asia to numerical modeling.
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Figure A1. Linear regression analyses for (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia during the 5-year periods of (a–c) 2005–2009, (d–f) 2010–2014, and (g–i) 2015–2019 averaged over the cold seasons. HCHO column density and FNR are analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2. 






Figure A1. Linear regression analyses for (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia during the 5-year periods of (a–c) 2005–2009, (d–f) 2010–2014, and (g–i) 2015–2019 averaged over the cold seasons. HCHO column density and FNR are analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2.



[image: Remotesensing 14 04512 g0a1]







[image: Remotesensing 14 04512 g0a2 550] 





Figure A2. Linear regression analyses for (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia during the 5-year periods of (a–c) 2005–2009, (d–f) 2010–2014, and (g–i) 2015–2019 averaged over the warm seasons. HCHO column density and FNR are analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2. 
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Figure A3. Anthropogenic (a) NOx and (b) NMVOC emissions and (c) biogenic NMVOC emissions over East Asia as averaged during 2005–2014. 
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Figure 1. Spatial distribution of (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia averaged over 15 years (2005–2019) during (a–c) all seasons, (d–f) cold seasons (October to March), and (g–i) warm seasons (April to September). FNR is analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2 (white in (b,e,h)). 
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Figure 2. Spatial distribution of (a,d,g,j) HCHO column density, (b,e,h,k) NO2 column density, and (c,f,i,l) FNR over East Asia averaged over all seasons for the year (a–c) 2005, (d–f) 2010, (g–i) 2015, and (j–l) 2019. FNR is analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2 (white in (b,e,h,k)). 






Figure 2. Spatial distribution of (a,d,g,j) HCHO column density, (b,e,h,k) NO2 column density, and (c,f,i,l) FNR over East Asia averaged over all seasons for the year (a–c) 2005, (d–f) 2010, (g–i) 2015, and (j–l) 2019. FNR is analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2 (white in (b,e,h,k)).
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Figure 3. Linear regression analyses for (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia during the 5-year periods of (a–c) 2005–2009, (d–f) 2010–2014, and (g–i) 2015–2019 averaged over all seasons. HCHO column density and FNR are analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2. 






Figure 3. Linear regression analyses for (a,d,g) HCHO column density, (b,e,h) NO2 column density, and (c,f,i) FNR over East Asia during the 5-year periods of (a–c) 2005–2009, (d–f) 2010–2014, and (g–i) 2015–2019 averaged over all seasons. HCHO column density and FNR are analyzed at grid points where NO2 column density is greater than 1.0 × 1015 molecules cm−2.
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Figure 4. Temporal variation of HCHO column density, NO2 column density, and FNR during 2005–2019 over Beijing and Shanghai in China, Seoul in the Republic of Korea, and Osaka, Nagoya, and Tokyo in Japan averaged over cold seasons (light blue symbols) and warm seasons (light red symbols) for each year. The green, white, and purple shading in the FNR panels indicates VOC-sensitive, transitional, and NOx-sensitive regimes, respectively. 
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Figure 5. Frequency of occurrence of the O3-sensitive regime for the (green) VOC-sensitive regime, (white) transitional regime, and (purple) NOx-sensitive regime over Beijing and Shanghai in China, Seoul in the Republic of Korea, and Osaka, Nagoya, and Tokyo in Japan during (left) cold seasons and (right) warm seasons. 
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Figure 6. Annual amounts of anthropogenic emissions of (a) NMVOC and (b) NOx, and (c) the NMVOC/NOx ratio over China (white circles, left axis), the Republic of Korea (gray diamonds, right axis), and Japan (black squares, right axis) during 2005–2015 calculated from REAS. The values over China during 2015–2019 calculated from MEIC are also shown (light-gray circles, left axis). 
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Figure 7. Linear regression analyses for the annual amount of (a,c,e) anthropogenic NMVOC emissions and (b,d,f) anthropogenic NOx emissions over East Asia during the 5-year periods of (a,b) 2005–2009, (c,d) 2010–2014, and (e,f) 2015–2019. White areas indicate no available data. 






Figure 7. Linear regression analyses for the annual amount of (a,c,e) anthropogenic NMVOC emissions and (b,d,f) anthropogenic NOx emissions over East Asia during the 5-year periods of (a,b) 2005–2009, (c,d) 2010–2014, and (e,f) 2015–2019. White areas indicate no available data.



[image: Remotesensing 14 04512 g007]







[image: Remotesensing 14 04512 g008 550] 





Figure 8. (a) Annual amounts of NMVOC biogenic emissions over China (white circles, left axis), the Republic of Korea (gray diamonds, right axis), and Japan (black squares, right axis) during 2005–2019. (b) The ratio of biogenic to anthropogenic NMVOC emissions over China (white circles), the Republic of Korea (gray diamonds), and Japan (black squares). The values are calculated based on REAS during 2005–2015, and the values over China during 2015–2019 are also calculated based on MEIC (light-gray circles; see also Figure 6). 
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Figure 9. (a,c,e) Linear regression analyses for the annual amount of biogenic NMVOC emissions and (b,d,f) the ratio of biogenic to anthropogenic NMVOC emissions over East Asia during the 5-year periods of (a,b) 2005–2009, (c,d) 2010–2014, and (e,f) 2015–2019. White areas indicate no available data. 
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Table 1. Summary of city-level grid point analyses of the mean and trend of FNR during the 5-year periods of 2005–2009, 2010–2014, and 2015–2019 averaged over cold and warm seasons.






Table 1. Summary of city-level grid point analyses of the mean and trend of FNR during the 5-year periods of 2005–2009, 2010–2014, and 2015–2019 averaged over cold and warm seasons.





	
City

	
Period

	
FNR




	
Cold Seasons

	
Warm Seasons




	
Mean 1

	
Trend 2

	
Mean 1

	
Trend 2






	
Beijing

	
2005–2009

	
0.34

	
+0.07

	
0.79

	
+3.90




	
2010–2014

	
0.33

	
+4.39

	
0.85

	
+4.09




	
2015–2019

	
0.51

	
+3.30

	
1.19

	
+3.98




	
Shanghai

	
2005–2009

	
0.24

	
+1.08

	
0.77

	
+0.05




	
2010–2014

	
0.24

	
+10.60

	
0.91

	
−1.00




	
2015–2019

	
0.29

	
+7.31

	
1.04

	
+3.78




	
Seoul

	
2005–2009

	
0.32

	
+14.22

	
0.80

	
−5.77




	
2010–2014

	
0.32

	
−1.90

	
0.88

	
−0.35




	
2015–2019

	
0.36

	
+2.80

	
1.05

	
+4.78




	
Osaka

	
2005–2009

	
0.43

	
+1.25

	
1.07

	
+4.38




	
2010–2014

	
0.48

	
−10.30

	
1.19

	
−0.04




	
2015–2019

	
0.60

	
+8.97

	
1.38

	
+8.49




	
Nagoya

	
2005–2009

	
0.36

	
+8.77

	
1.08

	
+5.14




	
2010–2014

	
0.43

	
+0.51

	
1.23

	
+0.57




	
2015–2019

	
0.64

	
+3.40

	
1.45

	
+4.63




	
Tokyo

	
2005–2009

	
0.28

	
+8.15

	
0.73

	
+3.18




	
2010–2014

	
0.30

	
+6.46

	
0.98

	
−3.28




	
2015–2019

	
0.45

	
+11.59

	
1.17

	
+10.87








1 Units for the mean of FNR is dimensionless. 2 Units for the trend are %/year.
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